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INTRODUCTION

Notch sensitivity of heat resistant sheet materials is being studied at
The University of Michigan, Ann Arbor, Michlgan. The research is sponsored
by The National Aeronautics and Space Administration, Washington, D.cC.

Severe time-dependent edge-notch sensitivity (Figure 1) of Waspaloy and
Inconel 718 has been shown to occur when notched specimens were loaded below
the approximate 0.2 percent smooth specimen offset yield strength and when
test data from smooth specimens indicated that small amounts of creep strain
consumed large fractions of creep-rupture life [1,2]. The susceptibility to
notch sensitivity has also been correlated with dislocation motion mechanisms
[2,3]. Coherent precipitates smaller that a "critical size" were sheared by
dislocations. This gave rise to localized deformation and time-dependent
notch sensitive behavior. Larger particles were by-passed by dislocations
and the deformation was homogeneous. Under these conditions, no time-dependent
notech sensitivity was observed.

Research is continuing to determine the generality, or scope, of the
concepts that have been developed. FPresently reported are results for two
alloys:

(1) TD-Ni,Cr, which is strengthened by an incoherent dispersion of ThOo
particles. This material was selected for study, because, disloca-
tions would have to by-pass the oxide particles during creep.
Therefore, the alloy was not expected to be susceptible to time-
dependent notch sensitivity.

(2) An experimental nickel-base alloy, "Modified Waspaloy" having a
relatively low volume fraction (0.095) of coherently precipitated
7', Niz(Al,Ti). This material was studied in order to permit exten-
sion of the results for Waspaloy (y' volume fraction 0.23) to alloys
with less precipitate.

The TD-Ni,Cr was evaluated in the stress-relieved condition while the
Modified Waspaloy was studied after heat treatments that produced a range of
y' particle sizes. Tensile and creep-rupture tests were carried out at 1000°-

1800°F (538°-982°C) for TD-Ni,Cr and at 1000°-1L400°F (538°-760°C) for Modified



Waspaloy. The microstructural features, particularly the dislocation struc-

tures in the tested specimens, were evaluated.




EXPERIMENTAL DETAILS

The commercially produced TD-Ni,Cr used in the investigation had the

following reported composition (weight percent):

Ni Cr ThOy C si
78.72 19.24 2,01 0.03 0.003%

The material was received as 0.015 in, (0.38 mm) thick, stress relieved, sheet.
The "Modified Waspaloy" was prepared as a vacuum induction melted ingot

with aim composition similar to Waspaloy [1] except for lower amounts of

titanium and aluminum (the Ti/Al ratios were essentially the same), The

compositions were as follows (weight percent):

Modified Modified

Waspal oy Waspaloy Waspaloy Waspaloy
Ni Bal Bal Zr 0.031 0.03
Cr 19,40 19,33 B NA* 0.005
Co 14,70 13.52 Fe NA 0.55
Mo 4,10 4,16 S NA 0.007
Ti 1.78 2.9 Mn NA <0.01
Al 0.67 1.35 Si NA 0.05
C 0.053 0.06 Cu NA 0.03

*NA = Not Analyzed

The ingot was radiographed to assure soundness, preheated at 2000°F (1093°C)
and hot rolled in small reductions to a thickness of about 0.032 in. (0.81 mm)
using reheats between passes. These sheets were pickled and cold reduced
(20-25 percent) in several passes to a final thickness of approximately

0.025 in. (0.64 mm). Specimen blanks were individually solution treated 1/2
hr at 1975°F (1080°C) in an argon atmosphere and air cooled. To prevent
warping, the blanks were aged in batches of 10 or 12 while clamped in a
fixture, The aging treatments were: (a) 3 hr at 1325°F (718°C), (b) 1 hr

at 1400°F (760°C), and (c) 16 hr at 1LOO°F (760°C).

\N



For both alloys, smooth and edge-notched (Kt>20) specimens were machined
in the longitudinal (rolling) direction. The specimen dimensions and test
procedures were the same as previously reported [1]. For optical metallography,
samples of Modified Waspaloy and TD-Ni,Cr were etched electrolytically in "G"
etch [4] and a solution of 10 percent oxalic acid in water, respectively. The
volume fraction of y' in Modifled Waspaloy was determined by electrollytic
extraction [5] using duplicate samples solution treated 1/2 hr at 1975°F
(1080°C) and exposed 1000 hr at 1400°F (760°C). Techniques for the preparation
of thin folils for study by transmission electron microscopy were reported

previously [3].




MECHANICAL CHARACTERISTICS

The results of tensile and creep-rupture tests are included as Table 1
for TD-Ni,Cr and Table 2 for Modified Waspaloy. The principal features,
particularly those related tonotch sensitive behavior, are presented in the

following sections.

Rupture Strengths

For TD-Ni,Cr, the notched specimen rupture curve at 1000°F (538°C) was
somewhat below that for smooth specimens (Figure 2). At higher temperatures,
the rupture strengths for notched specimens were similar or higher than for
smooth specimens. At all test temperatures, the notched to smooth rupture
strength ratios (N/S) were greater than determined by tensile tests (Table 1),
i.e., the alloy did not exhibit time-dependent notch sensitivity.

The heat treatment variations of Modified Waspaloy resulted in a range
of smooth specimen strengths at the lower test temperatures. The strength
increased as the aging treatment was changed from 3 hr at 1325°F (718°C)
to 1 hr at 1400°F (760°C) to 16 hr at 1400°F (760°C). At the higher tempera-
ture and longer test times, the strengths were similar. (This resulted, at
least in part, from y' growth during the test exposures.) For all heat
treated materials the N/S rupture strength ratios decreased with increasing

time and/or temperature (Figure 3), i.e., time-dependent notch sensitivity

- was not observed.

Creep Resistance

The minimum creep rates determined from the smooth specimen tests are

included in Tables 1 and 2. The most striking feature was that the



stress-minimum creep rate curve (Figure L4) for TD-Ni,Cr at 1000°F (536°C) was
considerably steeper than the curves at temperatures from 1200° to 1800°F
(649°-982°C). This indicates that different mechanisms control creep in
these two ranges of test conditions.

For Modified Waspaloy, the creep rates and, hence, the creep resistance
varied with heat treatment and test conditions in similar manner to the

rupture strengths.

Fracture Characteristics

The fracture characteristics of Modified Waspaloy were similar to those
previously reported for Waspaloy [1]. Both smooth and notched specimens
failed by initiation and relatively slow growth of intergranular cracks fol-
lowed by transgranular fracture. The latter fracture occurred when the increase
in stress on the load bearing area, due to growth of the intergranular crack,
exceeded that necessary to cause rapid shear. The intergranular and trans-
granular parts of the fracture were readily distinguishable by visual examl-
nation. (The lengths of the intergranular cracks, expressed as a percentage
of the specimen width, are included in Table 2.)

Optical metallography showed that the fractures of tensile and creep-
rupture tested specimens of TD-Ni,Cr were also both transgranular and inter-
granular. Intergranular cracks were distributed across the fractures. 1In
notched specimens, the fracture adjacent to one, or both notches, was inter-
granular. The total intergranular crack length increased with decreasing
_stress and increasing temperature. Extensive intergranular cracking, perpen-
dicular to the loading direction, occurred adjacent to the fractures and
throughout the gauge sections of the smooth specimens (Figure 5). Intergran-
ular cracks were also found in several test specimens discontinued before
rupture. These results indicate that failure occurred by intergranular crack
initiation and growth, the linking of microcracks, and finally transgranular

fracture.




Stress Relaxation and Creep Characteristics

Previous studies have shown that notch sensitive behavior is dependent
on the manner which stress concentrations, introduced by the edge-notches,
are relaxed [1,3]. When notched specimens are tested at stresses above the
approximate 0.2 percent offset yield strength, ylelding on loading reduces
the stresses across the specimen at the base of the notch to the approximate
nominal stress. Under these conditions, time-dependent notch sensitivity
has not been observed. When notched specimens are loaded below the yield
stress, the stress concentrations can only be fully relaxed by creep (from
the approximate yleld strength to the nominal stress). A material exhibits
time-dependent notch sensitivity when the creep deformation necessary to relax
stress concentrations causes excessive damage resulting in premature crack
initiation. Experimentally, time-dependent notch sensitivity has been shown
to occur when sharp edged-notched sheet specimens were loaded below the apprexi-
mate 0.2 percent offset yield strength and when tests on smooth specimens
showed that 0.l and 0.2 percent creep consumed large fractions of rupture
life [1,3]. Creep data for TD-Ni,Cr and Modified Waspaloy were evaluated to
determine whether this same correlstion applied:

(1) Analysis of the date for TD-Ni,Cr showed that within the range of
test data at 1000° and 1200°F (538°,6L9°C) the life fractions for
0.1 and 0.2 percent creep were at low levels (Figure 6). Thus,
the lso-creep straln characteristics were consistent with the fact
that no time-dependent notch sensitivity occurred. At the higher
temperatures and lower stresses, large life fractions were utilized
for small creep strains. Despite this, no time-dependent notch
sensitivity was observed. This apparent contrediction of the
correlstion was due to "negative creep" which is considered in the
following section,

(2) For Modified Waspaloy, the life fractions for small amounts of
creep were generally at very low levels (Figure 7). Correspondingly,
no time-dependent notch sensitivity was observed (Figure 3). (At
1300°F, somewhat laerger life fractions were consumed for 0.1l and
0.2 percent creep due to "negative creep.")



Negative Creep

When exposed under stress at elevated temperatures, many nickel-base
superalloys shrink, i.e , exhibit "negative creep." Creep-rupture tests are
usually conducted at test conditions for which the amount of positive creep
deformation is larger than the negative creep. As a consequence, the measured
deformation-time characteristics appear normal. In the present investigation,
for both materials tested at the higher temperatures and lower stresses, the
amount of positive deformation was relatively small compared with the negative
creep. As a result, negative minimum creep rates were observed (Tables 1, 2,
and Figure 8) and, large life fractions were utilized for small creep strains
(Figure 6).

There is evidence that indicates that negative creep is probably due to
an ordering of the Ni-Cr lattice [6]. Being a volumetric charge, it should
not act to relax stress concentrations or influence the notch sensitive
behavior. Results for TD-Ni,Cr tests, for which the creep rate was expected
to be low, showed that shrinkages of at least 0.2 percent can occur. It is
therefore probable that the apparent contradiction between creep characteristics
and notch sensitive behavior was due to the influence of negative creep on the

observed deformation-time curves.




MICROSTRUCTURAL FEATURES

ID-Ni,Cr and Modified Waspaloy were studied in the as-heat treated con-
ditions in order to characterize the microstructural features present. Sub-
sequently, tensile and creep-rupture tested specimens were examined primarily
to establish the dislocation motion mechanisms. Samples were taken somewhat
removed from the fractures of smooth specimens and from the shoulders of
notched specimens. The latter specimens provided samples exposed at rela-

tively low stresses (0.7 times the applied stress).

TD-Ni , Cr

As-Received Material ("Original Condition")

The average grain diameters were O.16 mm and 0.08 mm in the longitudinal
and transverse directions, respectively (Figure 9a). The ThCD particles
ranged in size from about 100 to 1000 R with a mean of approximately 285 R
(Figure 9b). A negligible number of randomly distributed dislocations were

present. Many annealing twins (about 0.2y wide) were observed (Figure 9b).

Tested Specimens

In specimens tensile tested at 1000°, 1400°, and 1800°F, (538°, 760°,
and 982°C) many elongated dislocation loops were observed pinned to ThO2
particles (Figure 10a). These are prismatic loops which do not lie in the
original slip lane and indicate that the dislocations by-passed the oxide
particles by cross slip [7]. The dislocation density decreased with increas-
ing test temperature (decreasing elongation at fracture).

The microstructures (Figure 10b) of specimens creep-rupture tested at
1000°F (538°C) and at 1L400°F (760°C) at 28.6 ksi (197 MN/mE) also indicated

that cross-slip had occurred.



In specimens creep-rupture tested at the higher temperatures and lower
stresses, prismatic dislocation loops were not observed (Figure 10c). 1In
these cases the dislocations by-passed the Th02 particles by climb.
- For a number of tests at high stresses at 1200°, 1400°, and 1600°F
(649°, 760° and 871°C) only a limited number of prismatic dislocation loops
were observed. It was concluded that dislocations by-passed the oxide par-
ticles by both climb and cross slip. The minimum creep rate characteristics
previously reported (Figure 4), indicated that climb was the predominant mech-
anism.

In all tensile and creep-rupture tests, the deformation was homogeneous.
The dislocation mechanisms observed, as a function of test stress and temper-

ature, are summarized in Figure 11,
s

Modified Waspaloy

As-Heat Treated

Limited examination of the as-heat treated materials indicated that the
microstructural features, other than the y' morphology, were similar to those
previously reported from similarly heat treated Waspaloy [3]. The average
grain size was 0.036 mm (Figure 12). The carbides present were identified,

by selected area electron diffraction, to be Ti(C,N), and Mé The former

306.
carbide was a randomly distributed globular precipitate. The grain boundaries
were partially filled with M2306 carbide. A number of twin boundaries, par-

ticularly twin ends, also contained M25C6'

lwas present as coherently precipitated spherical particles. Due to lower

As was the case for Waspaloy, %'

aluminum and titanium additions, the y' volume fraction was less than for
Waspaloy (O.095 compared to 0.235).

The aging treatments, 3 hr at 1%25°F (718°C), 1 hr at 1LOO°F (760°C),
and 16 hr at 1400°F (760°C) resulted in ' particles approximately 40, 75,

and 140 K in dismeter, respectively. No zones depleted of »' occurred
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adjacent to grain boundaries.

Tested Specimens

In tensile and creep-rupture tests at 1000° and 1100°F (538° and 593°C),
limited y' growth occurred during the test exposures. Di.locations either
sheared or cross slipped around the relatively small particles. In smooth
specimens tested at the higher stresses, prismatic dislocation loops were ob-
served indicating that dislocations by-passed the y' by cross-slip (Figure 13z).
Under these conditions, the deformation was homogeneous. In samples (includ-
ing these from the shoulders of notched specimens) exposed at lower stresses,
superdislocations were observed (Figure 13b). A few dislocations were also
present as extended stacking fault ribbons., These observations demonstrate
that dislocations sheared the ' particles. When this mechanism occurred,
the deformation was localized in slip bands. At intermediate stresses, both
dislocation mechanisms contributed to the deformation.

During the higher temperature creep-rupture exposures, considerable ¥’
growth occurred. In a number of test specimens for which the particles were
large, dislocations were observed bowing between particles leaving pinched
off concentric dislocation loops (Figure 13c¢). In other specimens, it was
evident that the dislocations by-passed the y' by both cross slip and by
looping, In all cases the deformation was homogeneous.

The variations in dislocation mechanism observed with changes in test

stress and y' particle size are presented in Figures 14 and 15.



DISCUSSION

TD-Ni,Cr

Theories have been proposed to explain the manner in which edge and screw
dislocations can by-pass particles by cross-slip [8]. Experimentally, cross-
slip has been shown to occur for a number of dispersion hardened systems (9],
the mgjority of which have high stacking fault energies. C(Cross-glip has been
shown to occur for TD-Ni [10]. The stacking fault energy of nickel is lowered
by the addition of chromium. (30 weight percent chromium decreases the stacking
fault energy from about 225 to 70 erg/cmg—-ref. 11.,) Consequently, cross slip
could be expected to be relatively difficult in TD-Ni,Cr. Nevertheless, it
does occur in low temperature, high stress, tensile and creep-rupture tests.

At high temperatures and low stresses, dislocations by-pass ThOQ particles
by climb. At each temperature there is a critical resolved shear stress, CRSS,
above which the dislocations do not climb over the dispersed particles, but
by-pass them by cross-slip (or looping). This concept was first considered
theoretically by Orowan [12]. The following formulation for the "Orowan
Stress" (the increase in CRSS due to the presence of non-deforming particles)

was subsequently reported by Ashby [13]:

- _Aub 4 ’ (1)
L B o) Lo

where p 1s the matrix shear modulus, b the Burger vector, y the mean planar
‘center-to-center particle separation, d the mean planar particle size (0.82 x
mean particle size, D) and B a statistical factor (about 0.85) related to the
occurrence of a distribution of interparticle spacings. A is a constant equal
to 1 for an edge dislocation and (l-v)-l for a screw dislocation, where v is

Poisson's ratio,

12




Several relationships have been proposed to permit calculation of A
values from the precipitate volume fraction Vf and the mean particle size

[14]. These are based on assumed arrangements of the particles in space.

Simple cubic: N o= ad (_n/uvf)l/2 . (2)

Face centered cubic: A = 4 (l/Vf)l/2 (3)
1/2

Random: No= d (n/16vf) . (L)

The results of the microstructural study of TD-Ni,Cr established the
"Orowan Stress" as a band of values (Figure 11). The minimum creep rate
characteristics (Figure 4) indicated that the upper curve probably best repre-
sents the stresses where the creep controlling mechanism changes from climb
to cross-slip. These experimentally determined values were compared with
those calculated using equation (1). The constant A was assumed to be 1.2
(the mean value for edge and screw dislocations). Values for the shear modu-
lus, derived from tensile data were: 0.8, 0.7, and 0.5 - lO7 psi (5.5, L. 8,
and 3. L4 - 1oLL MW/me) at 1000°, 1400° and 1800°F (538°, 760°, and 982°C), re-
spectively. The Burger vector was 2.5 R and the ThO2 volume fraction
0.017hk. Poisson's ratio was assumed to be O.30. The CRSS values calculated
were multiplied by the Taylor factor [15] so that they could be compared di-
rectly with the "applied stress" values determined experimentally. The fac-
tor of 3.06 which was used can be considered to be an upper bound for this
"stress conversion." The results (Table 3) show that the theoretical values
vary by a factor of about 2, depending on the equation, (2)-(L), used to
calculate the center-to-center particle separation. The experimentally de-

termined stress values are within the range of those determined theoretically.

The ThO2 dispersion should almost certainly be described as random.

13



Theoretical stresses based on this assumptionwere in error by a factor of
about 2. Considering the approximations involved, this agreement is surpris-
ingly good.
' The ThO2 particles contribute to the creep resistance of TD-Ni by imped-
ing dislocation motion. It has been proposed, however, that the good creep
characteristics of this alloy are primarily attributable to the fine grain
size and cellular substructure formed during fabrication and stabilized by
the oxide particles [10]. The creep resistance at 1000°F for the TD-Ni,Cr
studied was similar to that reported for ID-Ni [10]., However, the creep re-
sistance of TD-Ni,Cr decreased much more rapidly with increasing temperature
than was the case for TD-Ni. Correspondingly, the microstructures of the
as-received TD-Ni,Cr did not reveal any substructure (consistent with the
relatively low stacking fault energy of this material). In addition, the
grain size of TD-Ni,Cr was about 10 times that of TD-Ni (80-160n compared to
1-2y). Thus in contrast to TD-Ni, the ThO2 particles in TD-Ni,Cr increased
the creep strength only by providing resistance to dislocation motion.
Minimum creep rate characteristics are often represented by the famillar
expression:

: = A(t) o™ , (5)
where n determines the overall stress dependence of the creep process. For
TD-Ni,Cr, n was 10 at 1000°F (538°C) and about 30 at higher test temperatures.
These values are significantly greater than predicted by theories for cross

slip and climb (about 5). Anomalously high values for n, reported by other
;authors for dispersion hardened materials, have been explained in terms of
"internal stress" and/or grain orientation effects [10,11,16,17]. 'Negative
creep” that occurs for TD-Ni,Cr reduced the minimum creep rates, particularly

at the lower test stresses, and thereby miust have acted to increase the measured

n values.

14




Modified Waspaloy

For Modified Waspaloy (Vf = 0,095, y' particles were by-passed by cross-

slip and by looping. For TD-Ni,Cr (V_ = 0.01l7) only cross-slip occurred,

f
whereas, for Waspaloy (Vf = 0.23) only the looping mechanism was observed [3].
These results suggest that increasing the volume fractio of precipitate tends
to change the by-pass mechanism from cross-slip to looping. Other variables
such as the stacking fault energy and test temperature, can alsc be expected
to influence this transition.

Both cross-slip and looping are dependent on the ability of dislocations
to bow between precipitate particles., Consequently, they occur at stresses
greater than the "Orowan stress.” For Modified Waspaloy, both the average
v' size and the test temperature varied. To simplify evaluation of the ex-

perimental results, the data were compensated for temperature variation using

the following relationship derived from equation (1):

Fro00°F

%000°F = iy . (6)

The dislocation mechanisms observed are presented in Figure 14 as a function
of stress compensated to 1000°F (538°C) and the mean y' particle size.

OCrowan stresses at 1000°F were calculated using equation (1) in & similar
manner described for TD-Ni,Cr. In this case, the following values were used:
uw =102 x lO7 psi (7.03 x th MN/m2), b = 2.52 R and, Vf = 0,095, Periodic
or "ordered" precipitate distribution are observed in many superalloys. These
structures occur when the 7' particles are large and/or the y'/y lattice mis-
match is large [18]. Based on the composition of Modified Waspaloy and the
observed spherical 7' morphology, it can be concluded that the y'/y mismatch
was relatively small (similar to Waspaloy which has a mismatch of about 0.3%).

Also, the particles in the as-heat treated materials were relatively small.

Consequently, the ' precipitate particles were probably "randomly"

15



distributed. Theoretical values for the Orowan stress, using this assumption,
differ by a factor of about 2 from the experimental values (Figure 14)., It
 should be considered coincidental that the experimental values agree well with
the theoreticel stresses based on face centered cubic and simple cubic distri-
butions.

Because the 7' is a coherent precipitate, it can be sheared by disloca-
tions. Gleiter and Hornbogen [18] reported that the increase in CRSS due to
ordered precipitate particles sheared by dislocations, ATsh, is given by the

following equation:

ar . = 0.28 72/2 VE/B (p/2)Y/? y1/2 -2

sh ’ (7)

where 7 is the antiphase boundary energy. ATSh values at 1000°F (53%3°C),
were calculated using a value of 260 erg/cm2 for 7a [19]. To permit compar-
ison with the microstructural observations (Figure 15), the test stresses
were compensated to 1000°F (538°C) using the following relationship from

equation (7):

1/2
Mo /
O onner = Ol (8)
1000°F T\ % 000°F

All of the tests stresses (Figure 15) were greater then the calculated values

(ATS x Taylor factor, 3.06). The specimens tested at stresses slightly

grea:er than the calculated values had very low dislocation densities. (Below
ATsh, the only mechanism that can occur is climb, which due to the relatively
low test temperatures, should contribute very little to the deformation. )
Therefore, it can be concluded that the theoretical values for ATS are in

h
very good agreement with the experimental results,

1/

slip or looping it decreases as D increases (equation (1)). Therefore, for

2
The CRSS for shearing increases with D (equation (7)) while for cross

each y' strengthened alloy (constant Vf), there is a critical particle size
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at which the dislocation mechanism changes from shearing tc by-passing the

precipitate particles. This is shown for Modified Waspaloy in Figure 16,

Correlation of the Time-Dependent Edge-Notch Sensitivity
with the Dislocation Mechanism

In previous studies, a correlation was established between the disloca-
tion motion mechanism and the time-dependent notch sensitive behavior [2,3].
Precipitate particles, ' in Waspaloy and 7' and 7"—NiBCb (bet) in Inconel
718, smaller than the critical size were sheared by dislocations. Under these
conditions, the deformation was localized and time-dependent notch sensitivity
occurred. Particles larger than the critical size were by-passed by disloca-
tions, the deformation was homogeneous and no time-dependent notch sensitivity
was observed.

The results of the presently reported investigation are consistent with

the above correlation., For TD-Ni,Cr, the dislocations by-passed the ThO_ par-

ticles for all test conditions. Correspondingly, time-dependent notch sinsi-
tivity did not occur. In a number of notched specimen tests for Modified
Waspaloy at the lower test temperatures, dislocations sheared the 5' particles
(Figure 13b). However, no time-dependent notch sensitivity was observed.
This occurred because the test stresses were above the yield stresses. For
notched specimens tested below the yield strength, either the *est times were
extremely long or the test temperatures were relatively high. As a result,
considerable y' growth occurred during the test exposures. This caused the
dislocation mechanism to change from shearing to by-passing which reduced the
susceptibility to time-dependent notch sensitivity so that none was ocbserved.
Thus time-dependent notch sensitivity did not occur for Modified Waspaloy due
to the yield strength and 7' growth rate characteristics.

The yield strength, o , of a dispersion hardened allcy can be expressed
y

by the following relationship:



cy = om + 3,06 ATP s (9)

where o= yield stress of the matrix, ATP is the increase in CRSS 4ue to the

presence of the particles (ATO or ATS Consideration of the yield strength

h)'
in this manner (Figure 16) permits a regime of test stress and particle size
to be defined for which time-dependent notch sensitivity can be expected.

Rapid growth of 7' in Modified Waspaloy prevented time-dependent notch
sensitivity from occurring at the low test stresses. The 7' ripening rate
decreases considerably with increasing volume fraction [20]. For alloys with
higher 7' volume fraction than Modified Wasﬁaloy, particle growth cannot be
relied upon to prevent notch sensitive behavior from occurring, Heat treat-
ments should be selected to produce 9y’ particles larger than the critical
size., Under these circumstances, it is actually desirable to limit the growth
rate (by compositional control) so as to reduce strength degeneration that
will accompany ' growth.

Hardness tests or yield strengths reflect the variations in CRSS with o'
size and can, therefore, be used in the selection of heat treatments. For
Waspaloy [3] and Inconel 718 [2] room temperature hardnesses were correlated
with the notch sensitive behavior. For Modified Waspaloy (Figure 17), hard-
ness tests correctly indicated that ' particles in the as-heat treated ma-
terials to be smaller than the critical size (maximum hardness). It should be
recognized that the critical size varies somewhat with temperature. This
arises because of changes in the shear modulus, p, with temperature. From
the equations presented ((1), (L4), and (7)) it is evident that as u decreases
with temperature the critical size decreases with increasing temperature.

Thus if a heat treatment is selected, by room temperature hardness tests, so
that the »' particles are larger than the critical size they will also be

larger then the critical size at elevated temperatures.
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SUMMARY OF RESULTS

A research program was carried out to determine whether an oxide disper-
sion hardened alloy, TD-Ni,Cr, and a low volume fraction 5' strengthened
nickel-base alloy, Modified Waspaloy, were susceptible to time-dependent edge-
notch sensitivity. The results were evaluated in terms of the mechanical
characteristics of the alloys and the dislocation motion mechanisms operative.

Time-dependent notch sensitivity was not observed for 0.015-in. (.J.38 mm)
thick, stress relieved, TD-Ni,Cr sheet at temperatures from 1000° to 1800°F
(538°-982°C), Dislocations by-passed ThO2 particles by cross-slip at high
test stresses and low temperatures and by climb at low test stresses and high
temperatures, The stresses at which the mechanism changed from climb to
cross-slip (Orowan stresses) were in reasonable agreement with theoretical
predictions.

Time-dependent notch sensitivity was not evident from tests of C.025-in.
(0.64 mm) thick Modified Waspaloy sheet at temperatures from 1000° to 1L400°F
(538°-760°C). In tests at relatively low stresses, dislocations sheared y'
particles smaller than a critical size (about lBOK); larger particles were by-
passed by cross-slip or looping. At stresses higher than the Orowan stress,

- small y' particles were by-passed by cross-slip. Results indicated that the
dislocation mechanisms observed can be usefully evaluated in terms of theo-
retical concepts.

As far as could be determined, the results of the investigation were con-
sistent with the following important concepts developed for Waspaloy [1,3]
and Inconel 718 [2]: (a) Time-dependent edge-notch sensitivity occurs when
notched specimens are loaded below the approximate 0.2 percent smooth speci-
ment offset yield strength and when data from smooth specimens indicate that
small amounts of creep consume large rupture life fractions. (b) When pre-
cipitate particles are sheared by dislocations, the deformation is localized
and time-dependent notch sensitivity occurs. When dislocations by-pass pre-

cipitate particles the deformation is homogeneous. Under these conditions,

19



no time-dependent notch sensitivity has been observed.

To date, alloys have been studied which have coherent and noncoherent
precipitate volume fractions ranging from 0,017 to 0,23, The applicability
of the above correlations for these alloys suggests that they can be used to
characterize the notch sensitive behavior of an even wider range of superalloy
sheet materisals.

It is apparent that hardness tests can be used to select heat treatments

that produce y' particles larger than the critical size and, therefore, avoid

time-dependent notch sensitivity.
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100x

Figure 5. Optical Photomicrograph showing subsidiary inter-
granular cracks in the gauge section of a smooth
specimen of 0. 015-inch (0. 38mm) thick TD-Ni,Cr

sheet creep-rupture tested at 12ksi.(82.7h4N/rn2)
at 1800°F (982°C).
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Figure 6. Iso-creep strain curves of life fraction versus stress at temperatures from 1000° to 18CN°F (538.982°C) for 0.015-inch (0. 38mm)
thick, stress relieved, TD-Ni, Cr sheet, The apparant large amounts of rupture life consumed for small creep strain at the higher
temperatures and lower stresses was due to '"Negative Creep'’.
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Figure 7. Iso-creep strain curves of life fraction versus stress at temperatures from 1000° to 1400°F {538-760°C) for
0.025-inch (0. 64mm) thick Modified Waspaloy sheet heat treated 1/2hour at 1975°F (1080°C) plus 16 hours
at 1400°F (760°C). Relatively little rupture life was consumed for small creep strains for all test conditions.

Correspondingly, no time -dependent notch sensitivity was observed,
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Figure 9.

»

e

(b) 50, 000x
Optical and transmission photomicrographs of as-received
0.015-inch (0. 38mm) thick, stress relieved, TD-Ni, Cr sheet
The grains, 0.080- 0. 16mm in diameter, were somewhat elon-

gated in the rolling direction. Many narrow twins were present.
Relatively few, randomly distributed, dislocations were observed.




o \
(b) 100, 000x  (c)
Figure 10. Transmission electron micrographs of thin foils taken from
the gauge sections of tested smooth specimens of 0.015-inch
(0. 38mm) thick TD-Ni, Cr sheet. (a) tensile tested at 1400°F
(760°C). (b) creep-rupture tested at 34ksi. (234.4 MN/mz) at
1000°F (760°C). (c) creep-rupture tested at 12ksi. (82.7 MN/m")
at 1800°F (982°C).In (a) and (b) prismatic dislocation loops can
be observed which indicate that dislocations by-passed the ThO,
particles by cross-slip. Oxide particles in (c) were by-passed
by climb.
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Figure 12. Optical photomicrograph of 0. 025 -inch (0. 64mm)
thick Modified Waspaloy sheet heat treated 1/2
hour at 1975°F (1080°C) plus 16 hours at 1400°F
(760°C).
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Figure 13. Transmission electron micrographs of thin foils from the gauge

sections of smooth specimens and the shoulder of a notched spe-
cimen of Modified Waspaloy solution treated 1/2 hour at 1975°F
(1080°C), aged, and creep-rupture tested.(a) smooth specimen

aged 1 hour at 1400°F (760°C), tested at 90ksi. (620 MN/m?) at
1100°F (593°C). (b)notched specimen aged 1 hour at 1400°F (760°C)
tested at 60ksi. (414 MN/m?) at 1100°F (593°C)-the stress in the
shoulder section was 42ksi. (290 MN/mZ). (c)smooth specimen
aged 16 hours at 1400°F (760°C), tested at 50ksi. (345 MN/mZ)

at 1300° F (704°C). Prismatic dislocation loops in (a) indicate that
the dislocations by-passed the y' by cross-slip.y' particles in (b)
were sheared by super dislocations. The concentric dislocation
loops in (c) were formed by dislocations bowing between y' particles
pinching off the loops.
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